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Abstract The vertebral skeleton is a defining feature of vertebrate animals. However, the mode
of vertebral segmentation varies considerably between major lineages. In tetrapods, adjacent
somite halves recombine to form a single vertebra through the process of ‘resegmentation’. In
teleost fishes, there is considerable mixing between cells of the anterior and posterior somite
halves, without clear resegmentation. To determine whether resegmentation is a tetrapod novelty,
or an ancestral feature of jawed vertebrates, we tested the relationship between somites and
vertebrae in a cartilaginous fish, the skate (Leucoraja erinacea). Using cell lineage tracing, we show
that skate trunk vertebrae arise through tetrapod-like resegmentation, with anterior and posterior
halves of each vertebra deriving from adjacent somites. We further show that tail vertebrae also
arise through resegmentation, though with a duplication of the number of vertebrae per body
segment. These findings resolve axial resegmentation as an ancestral feature of the jawed
vertebrate body plan.
Introduction
Axial segmentation is key to the body plan organization of many metazoan groups and has arisen
repeatedly throughout animal evolution (Davis and Patel, 1999). Within vertebrates, the axial skele-
ton is segmented into repeating vertebral units that provide structural support and protection for
soft tissues. Vertebral segmentation is preceded in the embryo by the segmentation of paraxial
mesoderm into epithelial blocks called somites (Figure 1a). Cells from the ventromedial portion of
each somite then undergo an epithelial to mesenchymal transition and migrate around the noto-
chord and neural tube, where they condense into vertebrae.
Cell lineage tracing studies in tetrapods have shown that there is not a 1:1 correspondence
between somites and vertebrae. Rather, cells from adjacent somite halves recombine to give rise to
a single vertebra, through a process known as ‘resegmentation’ (Remak, 1855). Somite lineage trac-
ing in chick using chick-quail chimeras or lipophilic dyes (Aoyama and Asamoto, 2000;
Bagnall et al., 1988; Huang et al., 2000; Schra¨gle et al., 2004; Stern and Keynes, 1987;
Ward et al., 2017) has shown that cells from the rostral half of one somite combine with cells from
the caudal half of the adjacent somite to give rise to a single vertebra, with sharp compartment
boundaries in the middle of vertebrae reflecting original somite boundaries. Additionally, lineage
tracing experiments in axolotl using injections of fluorescent dextrans or grafts of GFP+ somites into
wild type hosts point to conservation of resegmentation during vertebral development in lissamphi-
bians (Piekarski and Olsson, 2014). However, in teleost fishes, resegmentation is less apparent,
with cells from adjacent somite halves undergoing substantial mixing, resulting in vertebrae without
clear lineage-restricted compartments (Morin-Kensicki et al., 2002). This divergence in the relation-
ship between somites and vertebrae raises the question of whether resegmentation is restricted to
tetrapods, or whether it is an ancestral feature of the jawed vertebrate (gnathostome) backbone that
has been reduced or lost in teleosts. To answer this question, data are needed from an outgroup to
the bony fishes – for example the cartilaginous fishes.
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Figure 1. Segmental organization of paraxial mesoderm and the vertebral skeleton in the skate. (a) Somites of a
S24 skate embryo showing (a’) trunk (tr), cloacal (c), and tail (tl) somites, delineated with dashed lines. (b) A cleared
and stained vertebral column from a skate hatchling, with the trunk to tail transition denoted with an asterisk. (c)
mCT scan reconstruction of skate trunk and (d) tail vertebrae, with vertebral elements corresponding to a single
body segment color-coded blue or yellow, neural tissue colored green, and blood vessels colored red. Note that
in (d), one set of spinal nerves spans two vertebrae. a/v, caudal artery and vein; ca, outer cartilage of vertebral
Figure 1 continued on next page
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The vertebral skeleton in cartilaginous fishes consists of a series of neural and intercalary arches
and neural spines, tri-layered centra and haemal arches (the latter restricted to the caudal region –
Figure 1b; Criswell et al., 2017a). Notably, the axial skeleton of the embryonic skate forms initially
as a continuous, sclerotome-derived cartilaginous tube, which subsequently subdivides into discrete
vertebrae (Criswell et al., 2017a; Criswell et al., 2017b). Elasmobranch cartilaginous fishes (sharks,
skates and rays) also show a unique pattern of spinal nerve segmentation along the body axis, with
each trunk vertebra containing foramina for both dorsal and ventral spinal nerve roots, while each
tail vertebra contains a foramen for only a single nerve root (Ridewood, 1899; Figure 1c,d). This
pattern is widely hypothesized to reflect a complete vertebral duplication in each tail body segment,
termed ‘diplospondyly’. However, there are currently no experimental data testing this, or, more
generally, the relationship between somites and vertebrae, in any cartilaginous fish.
Here, we test whether tetrapod-like resegmentation is the ancestral mode of vertebral segmenta-
tion in gnathostomes using an outgroup to the bony fishes, a cartilaginous fish (the little skate, Leu-
coraja erinacea). We also test whether the diplospondyly observed in the tails of cartilaginous fishes
arises through duplication of skeletal derivatives from tail vs. trunk somites. We find that skate tail
somites do, indeed, duplicate their vertebral derivatives relative to trunk somites, and that reseg-
mentation occurs along the entire body axis. These findings point to a stem-gnathostome origin of
axial column resegmentation, and allow us to reconstruct the evolutionary history of vertebral col-
umn development.
Results
Conservation of rostrocaudal somite polarity in tetrapods and skate
Tetrapod somites exhibit distinct rostrocaudal polarity, and correct rostral and caudal transcriptional
identity within a somite is essential for proper resegmentation (Bussen et al., 2004; Hughes et al.,
2009; Keynes, 2018; Leitges et al., 2000; Mansouri et al., 2000). To test for rostrocaudal polarity
of somites in skate, we examined expression patterns of Tbx18 and Uncx4.1 – tetrapod markers of
rostral and caudal somite identity, respectively (Haenig and Kispert, 2004; Kraus et al., 2001;
Schra¨gle et al., 2004) – using wholemount mRNA in situ hybridization. We found that Tbx18
(Figure 2a) and Uncx4.1 (Figure 2b) are both expressed in skate somites at S22, with expression of
the former localizing to the rostral somite, and expression of the latter localizing to the caudal
somite. To further test polarity of these expression patterns within the somite, we characterized tran-
script distribution on paraffin sections of somites using multiplexed fluorescent mRNA in situ hybrid-
ization, and we found that Tbx18 and Uncx4.1 transcripts localize to the rostromedial and
caudomedial cells of the somite, respectively (Figure 2c). These findings point to a shared molecular
basis of somite rostrocaudal polarity between tetrapods and cartilaginous fishes.
Skates exhibit tetrapod-like resegmentation
To test the relationship between somites and vertebrae in skate, we performed a series of somite
fate mapping experiments. We microinjected the ventral portions of two neighboring trunk somites
in S24 little skate embryos with either CM-DiI (a red fluorescent analogue of DiI) or SpDiOC18 (a
green fluorescent analogue of DiO) (Figure 3a), and then mapped the contributions of these labeled
somites to the vertebral skeleton 8–12 weeks post-injection. We recovered dye in the vertebral carti-
lages of 27 embryos, with 21/27 embryos retaining both CM-DiI and SpDiOC18 labelling in adjacent
vertebrae, and 6/27 retaining only CM-DiI. In 22/27 label-retaining embryos, we observed patterns
of retention that were consistent with somite resegmentation. For example, in embryos in which
both CM-DiI and SpDiOC18 were retained, two neighboring trunk somites contributed to a com-
bined total of three vertebrae, with each somite contributing to two vertebral halves (the caudal half
of one vertebra and the rostral half of the neighboring vertebra - Figure 3b–d). There was little over-
lap in CM-DiI and SpDiOC18 distributions, indicating that cells from adjacent somites undergo little
Figure 1 continued
body; ce, centrum; ha, haemal arch; ia, intercalary arch; na, neural arch; nsp, neural spine; sc, spinal cord; sn, set of
spinal nerves; tp, transverse process. Scale bars: (a) 400 mm; (a’) 100 mm; (b) 500 mm; (c) and (d) 100 mm.
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mixing, and that somite boundaries are maintained through sclerotome migration, condensation and
vertebral differentiation. The results of these labeling experiments are consistent with a tetrapod-
like mechanism of resegmentation during the development of trunk vertebrae in the skate.
Skate tail somites give rise to twice as many vertebrae as trunk
somites, and still undergo resegmentation
Elasmobranch fishes show a diplospondylous condition in their caudal vertebrae, in which two verte-
brae are present for each set of spinal nerve roots. As each tail vertebra is comparable in anatomical
organization to trunk vertebrae (e.g. with neural and intercalary arches – Ridewood, 1899), it is
speculated that this condition is a consequence of tail somites giving rise to twice as many vertebral
units when compared with trunk somites. If somites give rise to double the number of vertebrae in
the tail as in the trunk, we would expect approximately equal numbers of trunk somites and verte-
brae, while the number of tail vertebrae should far exceed the number of tail somites. We counted
trunk and tail somites in S25 skate embryos (at which point somitogenesis has ceased, but somites
are still clearly discernable), and compared this with numbers of trunk and tail vertebrae in skate
hatchlings. We found that S25 skate embryos possess a mean of 48 trunk somites and 88 tail somites
(with the cloaca marking the transition from trunk to tail; n = 17 embryos counted;
Supplementary file 1), while hatchling skates possess a mean of 48 trunk vertebrae (including the
series of fused vertebrae that make up the synarcual, which was determined by counting sets of spi-
nal nerve foramina) and 104 tail vertebrae (n = 8 hatchlings counted; Supplementary file 2). These
counts are consistent with the hypothesis that tail somites give rise to more (though not consistently
double the number of) vertebral units compared with trunk somites. It should be noted, however,
that there is difficulty in accurately counting terminal vertebrae in skates: the tail tapers to a fine
point, with terminal vertebrae becoming extremely small and difficult to differentiate in skeletal
preparations, and it is also likely that additional non-mineralized vertebral elements are present in
the tip of the tail that we were not able to distinguish by this method. We therefore speculate that a
Figure 2. Molecular basis of skate somite rostrocaudal polarity. Whole-mount mRNA in situ hybridization reveals
(a) rostral expression of Tbx18 and (b) caudal expression of Uncx4.1 within skate somites at S22. (c) Hybridization
chain reaction (HCR) in situ hybridization on paraffin sections reveals complimentary rostromedial and
caudomedial expression of Tbx18 (magenta, c’) and Uncx4.1 (green, c"), respectively, in skate somites at S22.
Dashed lines indicate somite boundaries. Scale bars: (a) and (b) 100 mm; (c-c") 25 mm.
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pattern of duplication of somite derivatives observed in the anterior tail may not persist along the
full length of the tail, but rather breaks down near the tip.
To test whether a single somite gives rise to more than two vertebral halves in the presumptive
diplospondylous vertebrae of the skate tail – and to assess whether the process of resegmentation
occurs in the tail as in the trunk – we repeated the above somite labeling experiments in adjacent
somites posterior to the cloaca (Figure 4a). Analysis of labeled embryos 10 weeks post-injection
revealed CM-DiI and SpDiOC18 each in the cartilage of three vertebrae: the posterior portion of
one, the entire next successive vertebra, and the anterior portion of the third (n = 19/23, Figure 4f–
h). Each tail somite therefore contributes to four vertebral halves spread over three vertebrae, fully
double that of each trunk somite, and again consistent with a tetrapod-like model of somite
resegmentation.
Because the reduction in spinal nerve foramina per vertebral segment coincides with the first cau-
dal vertebra (Figure 1b), we hypothesized that the transition between the monospondylous verte-
brae of the trunk and the diplospondylous vertebrae of the tail occurred at the cloaca. To test the
location of this transition, we injected one of the posterior-most somites just dorsal to the cloacal
opening with CM-DiI (Figure 5a). At 8–12 weeks post-injection, most cloacal-region somite injec-
tions resulted in the trunk-like resegmentation pattern of two vertebral halves derived from one
somite (Figure 5b;c, n = 8/9). In each case, CM-DiI-labeled chondrocytes were recovered in verte-
brae within several segments of the monospondylous-diplospondylous transition, suggesting that
this boundary occurs just posterior to the cloaca.
Discussion
Here we report the presence of strict somite resegmentation in a cartilaginous fish. Our two-color
fate mapping experiments show clearly that a single skate trunk somite gives rise to adjacent halves
of neighboring vertebral centra. When combined with fate mapping data from axolotl and chick, our
findings indicate that vertebrae were formed through somite resegmentation in the last common
Figure 3. Skates undergo tetrapod-like resegmentation. (a) Adjacent CM-DiI- and SpDiOC18-labeled trunk somites
in a S24 skate embryo. (b) Sagittal section of the trunk of an embryo 58 days post-injection, showing CM-DiI- and
SpDiOC18-labeled cells in the posterior and anterior halves of adjacent vertebrae, consistent with resegmentation.
(c, c’) CM-DiI-labeled cells and (d, d’) SpDiOC18-labeled cells span two vertebrae (each shown with and without
DAPI counterstain). Dashed lines indicate somite boundaries in (a) and vertebral boundaries in (b-d). Scale bars for
(a) and (b) 100 mm; scale bars for (c-d’) 50 mm.
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Figure 4. Skate tail vertebrae are duplicated and resegmented. (a) Adjacent CM-DiI and SpDiOC18 injections in
tail somites of a S24 little skate embryo. (b) Sagittal section of the tail of an embryo 117 days post-injection
showing CM-DiI- and SpDiOC18-labeled cells in three vertebrae each. Magnified views reveal (c-d) CM-DiI- and (e-
f) SpDiOC18-labeled cells spanning vertebral boundaries (images shown with and without DAPI counterstain).
Dashed lines indicate somite boundaries in (a) and vertebral boundaries in (b–f). Arrowheads indicate dye-labeled
cells. Scale bars for (a and b) 100 mm; scale bars for (c-f’) 50 mm.
Figure 5. The cloaca precedes the monospondylous to diplospondylous transition. (a) CM-DiI labeling of a S24
skate somite (marked with white dashed line) just dorsal to the posterior margin of the cloaca (denoted with yellow
dashed line). (b) Sagittal section of an embryo 71 days post-injection, showing two adjacent vertebrae labeled with
CM-DiI. (c) Magnified view of two vertebrae showing CM-DiI labeled cells with and (c’) without DAPI counterstain.
Dashed lines in (b-c) indicate vertebral boundaries. Scale bars for (a) and (c) 100 mm; scale bars for (b) 200 mm.
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ancestor of jawed vertebrates, and that the intermixing of somite cells throughout vertebral bodies
seen in zebrafish represents a departure from that ancestral pattern (Figure 6a). We also show that
resegmentation is maintained along the AP axis in skate, despite differences in the number of somite
derivatives in the trunk and tail. In the trunk, each somite gives rise to two vertebral halves spanning
a single vertebral boundary (Figure 6b), and this transitions posterior to the cloaca (Figure 6c) to
tail somites giving rise to four vertebral halves spanning two vertebral boundaries (i.e. a single tail
somite gives rise to a half vertebra, a full vertebra, and a subsequent half vertebra – Figure 6d).
Unlike the ancestral pattern of resegmentation in the skate trunk, the modification of this arrange-
ment to give rise to duplicated vertebrae in the tail is unique to elasmobranchs and, to our knowl-
edge, previously unreported.
Establishment of somite polarity is of central importance to the development of the peripheral
nervous system and to resegmentation and axial skeletal patterning. Vertebrate spinal nerve axons
traverse exclusively through rostral half-somites upon exit from the central nervous system, with con-
tact-mediated repulsion preventing axon migration through caudal half-somites (Keynes et al.,
1997; Rickmann et al., 1985; Steketee and Tosney, 1999; reviewed in Keynes, 2018). This repul-
sive interaction is mediated, in part, by membrane-bound Eph family ligand-receptor interactions
between caudal-half sclerotome and migrating neural crest cells/axons (Araujo and Nieto, 1997;
Figure 6. Resegmentation is ancestral for jawed vertebrates. (a) Schematic showing the distribution of strict
resegmentation on a simplified vertebrate evolutionary tree, and the contribution of two adjacent somites to (b)
trunk vertebrae; (c) vertebrae at the trunk-to-tail transition; and (d) tail vertebrae in the skate.
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Krull et al., 1997; Nieto et al., 1992; Wang and Anderson, 1997), and by a cell surface glycopro-
tein that is expressed exclusively in caudal-half sclerotome (Keynes, 2018; Rickmann et al., 1985).
It is likely that contact-mediated repulsion also underlies the recombination of sclerotome during
resegmentation and vertebral development. Quail-chick chimera experiments have shown that only
sclerotome derived from neighboring somite halves will intermingle following recombination –
for example donor cells derived from rostral half-somites will intermingle with neighboring host scle-
rotome only when grafted next to another rostral half-somite, but will obey a tight boundary with no
cell mixing when grafted next to a caudal half-somite (Stern and Keynes, 1987). This tendency for
like cells to form discrete compartments within the somite likely underlies the subsequent contribu-
tion of rostral somite cells to caudal vertebrae, and vice versa, upon resegmentation. Interestingly, if
this strict compartmentalization of somite halves is shared with skate, our finding of resegmentation
in the diplospondylous tail region would suggest that rostral and caudal somite halves are not com-
mitted to caudal and rostral vertebral fates, respectively, but rather have the capacity to differentiate
into either (as we would predict that the rostral half of a single somite would contribute to the cau-
dal half of one vertebra and the rostral half of a second, neighboring vertebra, while the caudal half-
somite would contribute to the caudal half of the second vertebra and the rostral half of a third).
However, more specific lineage tracing experiments mapping the fates of half-somites are needed
to test this.
Extensive molecular characterization of developing somites in bony vertebrates has revealed
gene expression features corresponding with the distinct properties of rostral and caudal half-
somites (Hughes et al., 2009; reviewed by Kelly Kuan et al., 2004). These features include polar-
ized expression of notch signaling components (e.g. Dll3 and Dll1 in rostral- and caudal-half somites,
respectively – Bettenhausen et al., 1995; Dunwoodie et al., 1997), FGF and BMP signaling compo-
nents (e.g. FGFR1 in rostral-half somites and BMP5 and FGF3 and caudal-half somites –
Hughes et al., 2009; Mahmood et al., 1995; Yamaguchi et al., 1992) and developmental transcrip-
tion factors (e.g. Id3 and Tbx18 in rostral-half somites and Twist, Meox-1 and  2, Uncx4.1, Pax-1
and  9 and Sox9 in caudal-half somites – Begemann et al., 2002; Bussen et al., 2004;
Candia et al., 1992; Ellmeier and Weith, 1995; Fu¨chtbauer, 1995; Haenig and Kispert, 2004;
Hughes et al., 2009; Kraus et al., 2001; Mansouri et al., 2000; Mu¨ller et al., 1996;
Schra¨gle et al., 2004), and give rise to a transcriptional roadmap for the distinct rostral and caudal
compartments of the mature somite. We have demonstrated conservation of polarized expression of
Tbx18 and Uncx4.1 in the rostral- and caudal-half somites of cartilaginous and bony fishes, indicating
that these features are likely ancestral for jawed vertebrates and a precondition for resegmentation.
Interestingly, Tbx15/18/22 and Uncx4.1 are expressed in the rostral- and caudal-half somites, respec-
tively, in the invertebrate chordate amphioxus, in a pattern similar pattern to that of vertebrates
(Beaster-Jones et al., 2008). This indicates that the molecular basis of somite AP polarity may have
arisen along the chordate stem, prior to the evolutionary origin of vertebrae. Tbx15/18 is expressed
in anterior somite halves in lampreys (Freitas et al., 2006), which also possesses a vertebral skeleton
in the form of small, rudimentary neural arches. Lineage tracing experiments in lamprey to track the
contribution of single somites to the neural arch cartilages could help to further resolve the evolu-
tionary origin of resegmentation within vertebrates.
Historically, resegmentation was hypothesized to have originated through a functional need for
the staggered positioning of myotomes and vertebrae in aquatic vertebrates. The attachment of
muscle fibers from one myotome across a vertebral joint to two vertebral centra was suggested to
facilitate lateral bending and therefore axial locomotion (von Ebner, as cited by Fleming et al.,
2015). However, in fishes, the relative positioning of arches to centra, and of centra within myo-
meres, can vary substantially between species, and along the anteroposterior axis (Schaeffer, 1967;
Lauder, 1980). Furthermore, myosepta in jawed vertebrates are morphologically highly complex,
with a W-shape and six tendons that attach laterally to the skin and medially to the vertebrae and
median septum, providing connections across up to three individual vertebrae (Gemballa et al.,
2003; Gemballa and Ro¨der, 2004). This anatomical complexity, in turn, renders it difficult to confi-
dently infer spatial relationships between myomeres and vertebral units from adult morphology. It
has also been speculated that diplospondyly in the caudal region of elasmobranch cartilaginous
fishes is biomechanically advantageous, as a means of increasing flexibility in the tail during swim-
ming, and that with additional vertebrae or centra in each myotomal segment, the tail could achieve
greater control over the pattern of locomotion (Lauder, 1980; Ridewood, 1899; Schaeffer, 1967).
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However, these hypotheses have not been tested using biomechanical models. Thus, while the phy-
logenetic distribution and functional advantages of staggered relationships between sclerotome and
myotome derivatives – and of variation in vertebral unit-to-body segment ratios – remain unclear,
our demonstration that resegmentation is an ancestral feature of the jawed vertebrate axial skeleton
provides mechanistic insight into the evolution of axial skeletal segmentation, and developmental
context for further comparative anatomical and biomechanical studies of the vertebrate axial
column.
Materials and methods
Animal collection and husbandry
All skate embryos were obtained from captive brood stock at the Marine Biological Laboratory in
Woods Hole, Massachusetts, USA and all experimental work was conducted in accordance with
approved IACUC protocols. Embryos were reared in flow-through seawater tables at 10–12˚C for
approximately four weeks prior to experimentation at stage (S) 24. Early skate embryos were staged
according to Ballard et al. (1993) and late-stage embryos were staged following
Maxwell et al. (2008).
mCT scanning
Portions of the trunk and tail of a S34 skate embryo were stained with iodine potassium iodide (IKI)
according to Metscher (2009), and scanned using a GE v|tome|x mCT scanner at the University of
Chicago. The trunk was scanned at 80 kV and 70 uA, with an exposure time of four seconds and a
voxel size of 3.763 mm. The tail was scanned at 100 kV and 100 uA with a two second exposure and
a voxel size of 3.075 mm. CT slices were processed and segmented in Avizo (ThermoFisher Scientific
- FEI). Tiff stacks for each scan are available on the Dryad digital repository, doi:10.5061/dryad.
b2rbnzs8s.
Somite and vertebral counts
Vertebrae in hatchling skates were visualized by skeletal preparation, as described in Gillis et al.
(2009) with an added overnight incubation in Alizarin red solution (1 mg/mL Alizarin red in 1% KOH)
and overnight trypsin (1% w/v in water) digestion prior to KOH clearing. Somites in S25 skate
embryos (n = 17) and vertebrae in cleared and stained skate hatchlings (n = 8) were imaged in
numerous focal planes on a Leica M165 FC stereoscope. Image stacks were then merged in Helicon
Focus Pro and tiled to form high resolution images. Somites and vertebrae were counted in Adobe
Photoshop 2018 using a layered overlay and dots to mark individual elements.
Histology and mRNA in situ hybridization
L. erinacea embryos were embedded in paraffin wax and sectioned at 8 mm thickness for mRNA in
situ hybridization as described in O’Neill et al. (2007). Chromogenic mRNA in situ hybridization
experiments for Uncx4.1 (GenBank accession number MN478366) and Tbx18 (GenBank accession
number MN478367) were performed on sections as described in O’Neill et al. (2007), with modifi-
cations according to Gillis et al. (2012). Probes, buffers, and hairpins for third generation in situ
hybridization chain reaction (HCR) experiments were purchased from Molecular Instruments (Los
Angeles, California, USA). Experiments were performed on paraffin sections according to the proto-
col of Choi et al. (2018), with the following modifications: Following proteinase K treatment and
rinsing, slides were pre-hybridized for 30 min at 37˚C, and then hybridized overnight at 37˚C with 0.8
mL of 1 mM probe stock/100 mL of hybridization solution. Following post-hybridization washes and
pre-amplification steps, slides were incubated in amplification solution containing 4 mL of each hair-
pin stock/100 mL of amplification buffer.
Fate mapping experiments
Two-color somite fate mapping experiments were performed as described in Criswell et al. (2017b)
and Ward et al. (2017). S24 skate embryos were removed from their egg cases to a petri dish and
anesthetized in tricaine (MS-222 1 mg/L in seawater). Adjacent somites were injected with the red-
fluorescent lipophilic dye CM-DiI and the green-fluorescent lipophilic dye SpDiOC18 (ThermoFisher).
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Concentrated stocks of CM-DiI (5 mg/mL in absolute ethanol) and SpDiOC18 (2.23 mg/mL in dimethyl-
formamide) were diluted 1:10 in 0.3 molar sucrose for injection. After injection embryos were
returned to their egg cases and maintained in a flow-through seawater table at 15˚C for 8–12 weeks
post-injection.
Injected skate embryos were euthanized using an overdose of tricaine (1 g/L in seawater) and
fixed in 4% paraformaldehyde overnight at 4˚C. Embryos were then rinsed 3  5 min in phosphate-
buffered saline (PBS), embedded in 15% gelatin in PBS and post-fixed in 4% paraformaldehyde in
PBS for 4 nights at 4˚C before vibratome sectioning. A Leica VT1000S vibratome was used to cut
100 mm sections of tissue in sagittal plane, which were then DAPI-stained (1 mg/mL), coverslipped
with Fluoromount-G (Southern Biotech) and imaged on an Olympus FV3000 (trunk and transitional
vertebrae) or Leica Sp5 (tail vertebrae) confocal microscope.
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Tbx18 accession number MN478367). CT scan data, including scan parameters and TIFF stacks, have
been deposited in the Dryad Digital Repository, https://doi.org/10.5061/dryad.b2rbnzs8s.
The following datasets were generated:
Author(s) Year Dataset title Dataset URL
Database and
Identifier
Criswell KE, Gillis
JA
2020 Nucleotide sequences for
Leucoraja erinacea Uncx4.1
https://www.ncbi.nlm.
nih.gov/nuccore/
MN478366
NCBI GenBank,
MN478366
Criswell KE, Gillis
JA
2020 Nucleotide sequences for
Leucoraja erinacea Tbx18
https://www.ncbi.nlm.
nih.gov/nuccore/
MN478367
NCBI GenBank,
MN478367
Criswell KE, Gillis
JA
2019 Resegmentation is an ancestral
feature of the gnathostome
vertebral skeleton
http://doi.org/10.5061/
dryad.b2rbnzs8s
Dryad Digital
Repository, 10.5061/
dryad.b2rbnzs8s
References
Aoyama H, Asamoto K. 2000. The developmental fate of the rostral/caudal half of a somite for vertebra and rib
formation: experimental confirmation of the resegmentation theory using chick-quail chimeras. Mechanisms of
Development 99:71–82. DOI: https://doi.org/10.1016/S0925-4773(00)00481-0, PMID: 11091075
Araujo M, Nieto MA. 1997. The expression of chick EphA7 during segmentation of the central and peripheral
nervous system. Mechanisms of Development 68:173–177. DOI: https://doi.org/10.1016/s0925-4773(97)00147-
0, PMID: 9431814
Bagnall KM, Higgins SJ, Sanders EJ. 1988. The contribution made by a single somite to the vertebral column:
experimental evidence in support of resegmentation using the chick-quail chimaera model. Development 103:
69–85. PMID: 3197634
Ballard WW, Mellinger J, Lechenault H. 1993. A series of normal stages for development of Scyliorhinus canicula,
the lesser spotted dogfish (Chondrichthyes: Scyliorhinidae). Journal of Experimental Zoology 267:318–336.
DOI: https://doi.org/10.1002/jez.1402670309
Beaster-Jones L, Kaltenbach SL, Koop D, Yuan S, Chastain R, Holland LZ. 2008. Expression of somite
segmentation genes in amphioxus: a clock without a wavefront? Development Genes and Evolution 218:599–
611. DOI: https://doi.org/10.1007/s00427-008-0257-5, PMID: 18949486
Begemann G, Gibert Y, Meyer A, Ingham PW. 2002. Cloning of zebrafish T-box genes tbx15 and tbx18 and their
expression during embryonic development. Mechanisms of Development 114:137–141. DOI: https://doi.org/
10.1016/S0925-4773(02)00040-0, PMID: 12175500
Bettenhausen B, Hrabe de Angelis M, Simon D, Gue´net JL, Gossler A. 1995. Transient and restricted expression
during mouse embryogenesis of Dll1, a murine gene closely related to Drosophila Delta. Development 121:
2407–2418. PMID: 7671806
Bussen M, Petry M, Schuster-Gossler K, Leitges M, Gossler A, Kispert A. 2004. The T-box transcription factor
Tbx18 maintains the separation of anterior and posterior somite compartments. Genes & Development 18:
1209–1221. DOI: https://doi.org/10.1101/gad.300104, PMID: 15155583
Candia AF, Hu J, Crosby J, Lalley PA, Noden D, Nadeau JH, Wright CV. 1992. Mox-1 and Mox-2 define a novel
homeobox gene subfamily and are differentially expressed during early mesodermal patterning in mouse
embryos. Development 116:1123–1136. PMID: 1363541
Choi HMT, Schwarzkopf M, Fornace ME, Acharya A, Artavanis G, Stegmaier J, Cunha A, Pierce NA. 2018. Third-
generation in situ hybridization chain reaction: multiplexed, quantitative, sensitive, versatile, robust.
Development 145:dev165753. DOI: https://doi.org/10.1242/dev.165753
Criswell KE, Coates MI, Gillis JA. 2017a. Embryonic development of the axial column in the little skate, Leucoraja
erinacea. Journal of Morphology 278:300–320. DOI: https://doi.org/10.1002/jmor.20637, PMID: 28144984
Criswell KE, Coates MI, Gillis JA. 2017b. Embryonic origin of the gnathostome vertebral skeleton. Proceedings
of the Royal Society B: Biological Sciences 284:20172121. DOI: https://doi.org/10.1098/rspb.2017.2121
Criswell and Gillis. eLife 2020;9:e51696. DOI: https://doi.org/10.7554/eLife.51696 11 of 13
Research article Developmental Biology Evolutionary Biology
Davis GK, Patel NH. 1999. The origin and evolution of segmentation. Trends in Genetics 15:M68–M72.
DOI: https://doi.org/10.1016/S0168-9525(99)01875-2
Dunwoodie SL, Henrique D, Harrison SM, Beddington RS. 1997. Mouse Dll3: a novel divergent Delta gene which
may complement the function of other Delta homologues during early pattern formation in the mouse embryo.
Development 124:3065–3076. PMID: 9272948
Ellmeier W, Weith A. 1995. Expression of the helix-loop-helix gene Id3 during murine embryonic development.
Developmental Dynamics 203:163–173. DOI: https://doi.org/10.1002/aja.1002030205
Fleming A, Kishida MG, Kimmel CB, Keynes RJ. 2015. Building the backbone: the development and evolution of
vertebral patterning. Development 142:1733–1744. DOI: https://doi.org/10.1242/dev.118950, PMID: 25968309
Freitas R, Zhang G, Cohn MJ. 2006. Evidence that mechanisms of fin development evolved in the midline of
early vertebrates. Nature 442:1033–1037. DOI: https://doi.org/10.1038/nature04984
Fu¨chtbauer EM. 1995. Expression of M-twist during postimplantation development of the mouse.
Developmental Dynamics 204:316–322. DOI: https://doi.org/10.1002/aja.1002040309, PMID: 8573722
Gemballa S, Ebmeyer L, Hagen K, Hannich T, Hoja K, Rolf M, Treiber K, Vogel F, Weitbrecht G. 2003.
Evolutionary transformations of myoseptal tendons in gnathostomes. Proceedings of the Royal Society of
London. Series B: Biological Sciences 270:1229–1235. DOI: https://doi.org/10.1098/rspb.2003.2345
Gemballa S, Ro¨der K. 2004. From head to tail: the myoseptal system in basal actinopterygians. Journal of
Morphology 259:155–171. DOI: https://doi.org/10.1002/jmor.10175, PMID: 14755748
Gillis JA, Dahn RD, Shubin NH. 2009. Chondrogenesis and homology of the visceral skeleton in the little skate,
Leucoraja erinacea (Chondrichthyes: batoidea). Journal of Morphology 270:628–643. DOI: https://doi.org/10.
1002/jmor.10710, PMID: 19117064
Gillis JA, Modrell MS, Northcutt RG, Catania KC, Luer CA, Baker CV. 2012. Electrosensory ampullary organs are
derived from lateral line placodes in cartilaginous fishes. Development 139:3142–3146. DOI: https://doi.org/10.
1242/dev.084046, PMID: 22833123
Haenig B, Kispert A. 2004. Analysis of TBX18 expression in chick embryos. Development Genes and Evolution
214:407–411. DOI: https://doi.org/10.1007/s00427-004-0415-3, PMID: 15257458
Huang R, Zhi Q, Brand-Saberi B, Christ B. 2000. New experimental evidence for somite resegmentation.
Anatomy and Embryology 202:195–200. DOI: https://doi.org/10.1007/s004290000110, PMID: 10994992
Hughes DS, Keynes RJ, Tannahill D. 2009. Extensive molecular differences between anterior- and posterior-half-
sclerotomes underlie somite polarity and spinal nerve segmentation. BMC Developmental Biology 9:30.
DOI: https://doi.org/10.1186/1471-213X-9-30, PMID: 19463158
Kelly Kuan C-Y, Tannahill D, Cook GMW, Keynes RJ. 2004. Somite polarity and segmental patterning of the
peripheral nervous system. Mechanisms of Development 121:1055–1068. DOI: https://doi.org/10.1016/j.mod.
2004.05.001
Keynes R, Tannahill D, Morgenstern DA, Johnson AR, Cook GM, Pini A. 1997. Surround repulsion of spinal
sensory axons in higher vertebrate embryos. Neuron 18:889–897. DOI: https://doi.org/10.1016/S0896-6273(00)
80329-3, PMID: 9208857
Keynes R. 2018. Patterning spinal nerves and vertebral bones. Journal of Anatomy 232:534–539. DOI: https://
doi.org/10.1111/joa.12714, PMID: 29063597
Kraus F, Haenig B, Kispert A. 2001. Cloning and expression analysis of the mouse T-box gene Tbx18.
Mechanisms of Development 100:83–86. DOI: https://doi.org/10.1016/S0925-4773(00)00494-9, PMID: 1111
8889
Krull CE, Lansford R, Gale NW, Collazo A, Marcelle C, Yancopoulos GD, Fraser SE, Bronner-Fraser M. 1997.
Interactions of Eph-related receptors and ligands confer rostrocaudal pattern to trunk neural crest migration.
Current Biology 7:571–580. DOI: https://doi.org/10.1016/S0960-9822(06)00256-9, PMID: 9259560
Lauder GV. 1980. On the relationship of the myotome to the axial skeleton in vertebrate evolution. Paleobiology
6:51–56. DOI: https://doi.org/10.1017/S0094837300012501
Leitges M, Neidhardt L, Haenig B, Herrmann BG, Kispert A. 2000. The paired homeobox gene Uncx4.1 specifies
pedicles, transverse processes and proximal ribs of the vertebral column. Development 127:2259–2267.
PMID: 10804169
Mahmood R, Kiefer P, Guthrie S, Dickson C, Mason I. 1995. Multiple roles for FGF-3 during cranial neural
development in the chicken. Development 121:1399–1410. PMID: 7789270
Mansouri A, Voss AK, Thomas T, Yokota Y, Gruss P. 2000. Uncx4.1 is required for the formation of the pedicles
and proximal ribs and acts upstream of Pax9. Development 127:2251–2258. PMID: 10804168
Maxwell EE, Fro¨bisch NB, Heppleston AC. 2008. Variability and Conservation in Late Chondrichthyan
Development: Ontogeny of the Winter Skate (Leucoraja ocellata) . The Anatomical Record: Advances in
Integrative Anatomy and Evolutionary Biology 291:1079–1087. DOI: https://doi.org/10.1002/ar.20719
Metscher BD. 2009. MicroCT for developmental biology: A versatile tool for high-contrast 3D imaging at
histological resolutions. Developmental Dynamics 238:632–640. DOI: https://doi.org/10.1002/dvdy.21857
Morin-Kensicki EM, Melancon E, Eisen JS. 2002. Segmental relationship between somites and vertebral column
in zebrafish. Development 129:3851–3860. PMID: 12135923
Mu¨ller TS, Ebensperger C, Neubu¨ser A, Koseki H, Balling R, Christ B, Wilting J. 1996. Expression of avian Pax1
and Pax9 is intrinsically regulated in the pharyngeal endoderm, but depends on environmental influences in the
paraxial mesoderm. Developmental Biology 178:403–417. DOI: https://doi.org/10.1006/dbio.1996.0227,
PMID: 8812138
Nieto MA, Gilardi-Hebenstreit P, Charnay P, Wilkinson DG. 1992. A receptor protein tyrosine kinase implicated
in the segmental patterning of the hindbrain and mesoderm. Development 116:1137–1150. PMID: 1295734
Criswell and Gillis. eLife 2020;9:e51696. DOI: https://doi.org/10.7554/eLife.51696 12 of 13
Research article Developmental Biology Evolutionary Biology
O’Neill P, McCole RB, Baker CV. 2007. A molecular analysis of neurogenic placode and cranial sensory ganglion
development in the shark, Scyliorhinus canicula. Developmental Biology 304:156–181. DOI: https://doi.org/10.
1016/j.ydbio.2006.12.029, PMID: 17234174
Piekarski N, Olsson L. 2014. Resegmentation in the mexican axolotl, Ambystoma mexicanum. Journal of
Morphology 275:141–152. DOI: https://doi.org/10.1002/jmor.20204, PMID: 24127283
Remak R. 1855. Untersuchungen u¨ber die Entwickelung der Wirbelthiere. Berlin: Reimer.
Rickmann M, Fawcett JW, Keynes RJ. 1985. The migration of neural crest cells and the growth of motor axons
through the rostral half of the chick somite. Development 90:437–455. PMID: 3834038
Ridewood WG. 1899. Some observations on the caudal diplospondyly of sharks. Journal of the Linnean Society
of London, Zoology 27:46–59. DOI: https://doi.org/10.1111/j.1096-3642.1899.tb00248.x
Schaeffer B. 1967. Osteichthyan vertebrae. Journal of the Linnean Society of London, Zoology 47:185–195.
DOI: https://doi.org/10.1111/j.1096-3642.1967.tb01402.x
Schra¨gle J, Huang R, Christ B, Pro¨ls F. 2004. Control of the temporal and spatial Uncx4.1 expression in the
paraxial mesoderm of avian embryos. Anatomy and Embryology 208:323–332. DOI: https://doi.org/10.1007/
s00429-004-0404-3, PMID: 15235909
Steketee MB, Tosney KW. 1999. Contact with isolated sclerotome cells steers sensory growth cones by altering
distinct elements of extension. The Journal of Neuroscience 19:3495–3506. DOI: https://doi.org/10.1523/
JNEUROSCI.19-09-03495.1999, PMID: 10212309
Stern CD, Keynes RJ. 1987. Interactions between somite cells: the formation and maintenance of segment
boundaries in the chick embryo. Development 99:261–272. PMID: 3653002
Wang HU, Anderson DJ. 1997. Eph family transmembrane ligands can mediate repulsive guidance of trunk
neural crest migration and motor axon outgrowth. Neuron 18:383–396. DOI: https://doi.org/10.1016/S0896-
6273(00)81240-4, PMID: 9115733
Ward L, Evans SE, Stern CD. 2017. A resegmentation-shift model for vertebral patterning. Journal of Anatomy
230:290–296. DOI: https://doi.org/10.1111/joa.12540, PMID: 27580767
Yamaguchi TP, Conlon RA, Rossant J. 1992. Expression of the fibroblast growth factor receptor FGFR-1/flg
during gastrulation and segmentation in the mouse embryo. Developmental Biology 152:75–88. DOI: https://
doi.org/10.1016/0012-1606(92)90157-C, PMID: 1321062
Criswell and Gillis. eLife 2020;9:e51696. DOI: https://doi.org/10.7554/eLife.51696 13 of 13
Research article Developmental Biology Evolutionary Biology
